Abstract. One of the greatest threats to the native ecosystems in any part of the world is the invasion and permanent colonization of ecosystems by non-native species. Florida is no exception to this biological invasion, and is currently colonized by an extensive variety of exotic plant species. Originally imported from Asia over 30 years ago, Old World Climbing Fern Lygodium microphyllum (Cavanilles) R. Brown) has become one of the most invasive and destructive weeds in southern Florida. To date different effective control measures of its growth and spread have not been successful; fire and herbicide applications that are currently employed are neither cost effective nor environmentally friendly. In light of the highly delicate ecosystem that is being affected by L. microphyllum, we tested the soil fungus Myrothecium verrucaria (Albertini and Schwein) Ditmar: Fr. for its pathogenicity on the invasive fern. In greenhouse studies the effect of two conidial concentrations of M. verrucaria on L. microphyllum was investigated. Plants were spray inoculated with M. verrucaria which resulted in successful disease development with leaf necrosis symptoms. The higher conidial concentration (1 Â 10 8 ml )1 ) produced a disease index of approximately 3 on a scale of 0 to 4, day 24 postinitial inoculation, demonstrating the efficacy of this fungus as a severe retardant of Lygodium growth. Preliminary screening of selected native plant species for susceptibility to M. verrucaria showed low disease indices after repeated spray inoculations; the highest index attained was 0.4 by Slash pine (Pinus elliottii).
Introduction
Over the last few decades the state of Florida has been the nexus for the import of hundreds of exotic species. In 1999 the Florida L. microphyllum lacks effective natural enemies in S. Florida. Given the uncontrolled growth and spread of Lygodium, it has become critical to find biological control agents that can be used to reduce the competitiveness and spread of the weed in S. Florida. At present no native plant pathogen specific to L. microphyllum with biocontrol potential is available. Isolates of Myrothecium verrucaria (Albertini and Schwein) Ditmar: Fr. are effective biological control agents of invasive plants such as leafy spurge (Euphorbia esula) (Yang and Jong, 1995a) and kudzu (Pueraria lobata) (Boyette et al., 1999) . As a general plant pathogen M. verrucaria possesses certain advantageous features making it a useful biocontrol agent. The fungus M. verrucaria is of common occurrence in soil and plant substrates worldwide (Domsch et al., 1980; Farr et al., 1989) . The infective propagules of M. verrucaria, conidia can be easily produced in high concentrations. M. verrucaria is a weak competitor (Grosu and Hulea, 1973; Domsch et al., 1980) , and is native to soils in the southern US, thus reducing the likelihood for significant disturbances to native soil microflora. Even though direct inoculation with M. verrucaria results in severe injury to plant tissue, the infection is not systemic nor spreads from diseased plants to healthy plants (Yang and Jong, 1995b) Under natural conditions conidial concentration and dew temperatures limit the pathogenicity of M. verrucaria.
The objectives of this research were: (1) to investigate biocontrol efficacy of M. verrucaria on L. microphyllum in the greenhouse, and (2) to test the reaction(s) of selected native plant species to inoculation with M. verrucaria.
Materials and methods

Plant materials
Lygodium microphyllum sporelings were collected from three locations in South Florida; the Big Cypress Seminole Reservation, the Big Panther Preserve and Dupuis State Preserve. The three areas differ in hydroperiod, light levels and dominant plant species.
Dupuis State Preserve is in south-central Florida. The dominant plant species found in this area are the pine (Pinus elliottii) and saw palmetto (Serenoa repens) which are characteristic of the pine rocklands of South and Central Florida. At the Big Cypress Seminole reservation, Lygodium has been observed infesting a cypress swamp where standing water is 8-36 cm deep for most of the year. Big Cypress best illustrates the different tolerances of this invasive fern; L. microphyllum grows luxuriously in pine flatwoods, hardwood hammocks, as well as cypress strands. At Big Panther Refuge, the hammock transitions with elevation into a cypress marsh where pond cypress (Taxodium ascendens), bald cypress (Taxodium distichum) and saw grass (Cladium jamaicense) thrive in water greater than 30 cm deep.
The actively growing croziers (fiddleheads) were collected in groups of four or five along with a stem and root support of approximately 6 inches. Plant samples and associated soil were placed in shallow elongated plastic containers filled with commercial potting soil to support root development and plant growth. Plants were watered every 3 days to maintain the appropriate soil moisture for optimal growth. After 8 weeks, sporelings were transferred to 6 inch plastic pots filled with commercial potting soil for use in greenhouse experiments.
Preparation of inoculum
The fungal isolate of Myrothecium verrucaria used in this study was provided by Dr. Douglas Boyette of the United States Department of Agriculture (USDA) research station in Stoneville, Mississippi. The fungus was grown on potato-dextrose agar (Difco) and incubated in the dark at 25°C for 4-6 weeks. Conidia were aseptically scraped from the agar surface using moist cotton swabs and transferred to a centrifuge tube containing water. The conidial concentration in the suspension was determined using a hemacytometer. Several tubes containing conidial suspensions were centrifuged, and the conidial pellets were resuspended in 2% dextrose solution to produce a stock. A spore suspension emulsion was prepared by diluting the stock and mixing with vegetable oil (9:1 vol/vol) modified from Yang and Jong (1995a) . Two sets of inoculum with concentration 1 Â 10 7 and 1 Â 10 8 conidia per ml were prepared for the greenhouse experiments. The inoculum emulsion was poured into spray bottles, which were shaken to evenly distribute conidia before each application.
Conidial concentration on disease development
The objective of this experiment was to investigate the effect of two conidial concentrations of M. verrucaria on L. microphyllum. A greenhouse inoculation study was set up using composite L. microphyllum plants collected from three different field sites. Treatments consisted of two conidial concentrations (1 Â 10 7 and 1 Â 10 8 conidia per ml) and the non-inoculated control. The L. microphyllum plants were grown in 6¢¢ plastic pots with 15 pots for each treatment and 6 plants in each pot. Plants were spray inoculated to runoff with conidial suspension. Control groups were sprayed with 2% dextrose solution and vegetable oil emulsion without the conidia. Water was applied directly to the soil in the pot to avoid washing inoculum off the leaves. After the first spray inoculation, five more spray inoculations were done at 4-day intervals until day 24. Disease development was evaluated prior on days 4, 12, and 24 spray inoculation. The number of infected leaves and the severity of infection were recorded for each plant in the study. Average greenhouse temperature during the experiments was 30°C with a relative humidity of 90%.
Host range
Because L. microphyllum occupies a wide range of habitats, the number of non-target species that may be affected by field application is large. This study selected native plant species commonly found in habitats in which L. microphyllum is a significant problem in south Florida and some exotics found in close association were tested. Host range studies were conducted using two concentrations of M. verrucaria in the greenhouse; 1 Â 10 7 and 1 Â 10 8 conidia per ml. Control plants were sprayed with a mixture of vegetable oil and water on corresponding days. Plants were spray inoculated three times on days 0, 4, and 8. Native plants were obtained from the Fairchild Tropical Botanical Garden, Miami Florida. Due to limited availability an unequal number of plants were used under each treatment. The description of the native species and number of plants used under each treatment are presented in table 1. Final observations on the plants were taken 21 days after the first inoculation.
To measure the pathogenicity of M. verrucaria on L. microphyllum the disease rating/index used by Yang and Jong (1995b) was followed. Disease severity was rated on each of the 4-day intervals before inoculation using a 0-4 rating scale to indicate disease severity: 0 = no infection, no lesions on leaves; 1 = tip of leaves curled, brown, or less than 10 spots, not coalesced on a leaf; 2 = more than 10 spots on a leaf, spots on leaf coalesced. Some leaves yellow or brown, or lower leaves dropped but plant top still green; 3 = plant top brown or killed with leaves turned down or stems defoliated but lower portions of stems still green; 4 = Whole plants dying or dead. A disease index (DI) score was calculated as (summation of [severity rating Â number of plants in that class)/total number of plants Yang and Jong (1995a) . DI below 3.0 indicated slight-to-moderate infection (resistant), but at or above 3.0 indicated severe infection (susceptible). This DI score was used in the conidial concentration and host specificity studies to determine the overall effect of M. verrucaria on plants being tested.
The SPSS statistical software package version 13.0 (SPSS Inc. 233 S. Wacker Dr. Chicago, Illinois) was used to run ANOVAs, MANOVAs, Chi square, F and t-tests used in analyzing the data. Non-parametric statistical analyses were used to assess most of the data presented. In SPSS, categories were converted into ranked values with value labels. On examining the tests of within subject effects, sphericity was assumed and was significant and the Greenhouse-Geisser corrected model was used. Pairwise comparisons were used to compare differences across treatment groups on observed days as well as differences in observed days for each treatment. In investigating the final effects of conidial concentration on native plants, Pearson Chi-square tests were conducted. Where groups were small, end point analyses were pooled to better illustrate and make a comparison between response to control and treatment groups. 
Results and Discussion
Disease development and conidial concentrations
Results from the greenhouse inoculation experiment showed that the extent of disease development on L. microphyllum by M. verrucaria varied greatly with the inoculum concentration (Figure 1 ). Following inoculation there was a steady increase in the number and size of necrotic spots over time, in both low and high conidial concentration treatments. The L. microphyllum plants inoculated with 1 Â 10 8 conidia per ml showed higher average number of leaf infections compared to the 1 Â 10 7 conidia per ml inoculated plants and the differences were significant (p < 0.05) at the end of the experiment (Figure 1 ). The necrotic spots on the leaves following M. verrucaria conidial infections increased in size over time and coalesced resulting in symptoms becoming visibly more severe. Leaf infection seemed to be more prominent on the upper fronds and upper region of the vine. Observation of plants 24 days postinitial inoculation showed that those in the higher concentration group had infection spreading throughout the entire plant. There was some necrosis observed on leaves of new growth stems but upcoming croziers showed no signs of infection. Necrotic spots were prominent along the leaf edge rather than in the center, and the color of the infected area ranged from a yellowish brown to dark brown.
There was no significant difference in the number of plants infected at the end of the study when the two levels of M. verrucaria conidial inoculum concentrations were compared (Figure 2) , however the extent of infection showed a significant difference, this was seen in the rate and severity of the infections, which are reflected in the DIs (Figure 3) . The first sign of infection was visible 48 h postinnoculation and by day 4, 28% of the plants in both conidial inoculation treatments were infected with similar DIs. On day 12 infection was visible on all plants in the higher conidial concentration group and by day 16 all of the plants (100%) demonstrated some degree of infection. Plants dosed with the higher conidial concentration displayed more brown necrotic spots on leaves and had a much higher infection of leaf area. The DI between treatments was significantly different after day 4 and the progression of the disease showed a marked difference between conidial concentrations. This difference became more visible as the disease progressed. A Pairwise comparison of daily response to treatment across groups showed significant differences (p < 0.05) for each conidial treatment. No disease symptoms were detected on control plants. The conidial concentration studies showed that both conidial concentrations were effective in infecting L. microphyllum plants; however, the average number of infected leaves was lower with 1 Â 10 7 conidia per ml concentration and there was a significant difference (p < 0.01) in the severity rating between the concentrations on day 12. In inoculation studies using M. verrucaria on leafy spurge, Yang and Jong (1995b) also observed lower infection efficiency with lower conidial concentrations. The initial conidial application had very little effect on the fronds but as applications continued more necrosis was observed on some leaves. The necrosis on the surface area of individual fronds also increased over time. In treatments receiving the 1 Â 10 8 per ml conidia concentration, plants showed accelerated necrosis of the leaf surface and were the first to exhibit necrosis on entire leaves. By day 24 the DI was approximately 3 (Figure 3 ), indicating severe infection. Further observations revealed that though the plants did not loose any fronds, some plants in both groups were entirely necrotic with leaves yellowish-brown to dark brown in color. This is the first report of pathogenicity of M. verrucaria on L. microphyllum. There is a greater potential for enhancing the infectivity and severity of M. verrucaria on L. microphyllum in one single spray inoculation by using the surfactant Silwet L-77 (Boyette et al., 1999) .
Host range
Native plant species had varying levels of susceptibility to M. verrucaria infection, and the symptoms were not severe on any of them (Figure 4) . The over all DIs among all of the species tested were very low (DI below 1.0, with the Slash pine showing the highest DI 0.4) indicating mostly resistance according to the DI scale. The DI for Slash pine and Brassica sp. responded strongly to the conidial concentration treatments, Slash pine and Brassica sp. plants had higher DI value at 1 Â 10 8 conidia per ml compared to the 1 Â 10 7 conidia per ml treatment. The non-native Areca palm (Chrysalidocarpus lutescens), Silver thatch palm (Coccothrinax augentata) and Bahia grass (Paspalum notatum) were least affected by M. verrucaria; all three plant species showed very little spotting or necrosis following spray inoculation.
Among native plant species treated with M. verrucaria, it was also observed that the lag time for development of infection was longer compared to L. microphyllum (data not shown). While L. microphyllum showed symptoms of infection within 48 h of dosing, the plants tested in the host specificity study did not show any visible effects until 9 days post initial dose. There was very little indication that necrosis would progress to a severity rating of 3 as the infected plants showed only a few spots on only a few leaves, The Everglades palm, Areca palm, Saw grass and Bahia grass tested did not show any symptoms until day 17 post initial dose, with very limited necrosis. None of the native plants displayed extensive necrosis and there was no secondary spread of the pathogen to uninoculated neighboring plants. The results suggest that there is potential for using M. verrucaria as a biological control in the field as it does not seem to have a significant negative effect on the native species tested. Results are preliminary since only a very small representative portion of the plant species present in south Florida was tested during this study and more long-term host-specific studies need to be carried out on other plant species.
There is a concern regarding mycotoxins such as macrocyclic trichothecenes that are produced in culture by M. verrucaria (Mortimer et al., 1971; Walker and Tilley, 1997) . To date, evidence for presence of mycotoxins in infected plants is lacking; analysis of extracts from M. verrucaria spray inoculated kudzu, soybean (Glycine max), and sicklepod (Cassia obtusifoloa) showed that there were no trichothecene compounds present in the infected plant tissue (Kuti et al., 1987; Beckwith and Dangerfeild, 1996; Abbas et al., 2001) . Further it was observed that the chloroform-methanol extracts of kudzu leaves and stems treated with M. verrucaria spores were less cytotoxic to four cultured mammalian cell lines than the corresponding extracts from control plants (Abbas et al., 2001) .
The growth of L. microphyllum continues to be a significant problem in South Florida since this region offers environmental conditions different from its native region (Maron et al., 2004) and lacks any pests that would usually control its growth in such regions. As the fern invades other ecosystems, additional plant populations are at risk of being out competed by this aggressive weed. It is decidedly difficult to separate the vines from native plants for treatment since many areas of invasion are very large or are not easily accessible by ground. Invasive plants are good candidates for biological control if they have a narrow taxonomic range, the presence of fewer native congeners would indicate a lower risk of non-target plant infections (Strong and Pemberton, 2000) . L. microphyllum has only one closely related native species in Florida, hence biological control should be an acceptable approach to curbing and eliminating this unwanted fern (Pemberton et al., 2002) .
The effects of the surfactant Silwet-L-77 with M. verrucaria on native plant species are not known. The growth of Lygodium in the native environment is so extensive that any spray application whether by ground or air would result in very little of the inoculum coming in contact with native plants. Possible contact may arise as wind blows droplets onto native plants but the amount of the inoculum reaching these plants would not likely be sufficient to cause any damage. M. verrucaria is a saprophytic fungi and is a weak pathogen at best; there has been no indication throughout these greenhouse studies that conidia will spread to neighboring plants, as no untreated plants in close proximity were affected. The conidial concentration necessary to be deemed detrimental does not occur naturally and stray droplets pose no threat of establishing native colonies and thriving in an introduced environment.
To avoid or minimize the effects on native species it is important to develop a L. microphyllum specific native pathogen as a biological control agent. Currently we are in the process of testing native pathogens that were isolated from the diseased fronds of L. microphyllum. Given the seriousness of the infestation problem, any biological control method which can effectively hinder the fern's growth and spread without significant non-target effects will be a valuable tool in an overall integrated management strategy (Charudattan, 2001) . Further studies are needed concerning the development of M. verrucaria as a biocontrol agent to control L. microphyllum.
